Sickle cell anemia (SCA) is a recessive genetic blood disorder that is common in people from tropical regions where malaria has been widespread, such as sub-Saharan Africa. SCA is caused by a single-point mutation in the hemoglobin gene, termed hemoglobin S, which leads to polymerization of deoxygenated hemoglobin. Red blood cells (RBCs) of a person with SCA tend to be fragile and less-flexible than normal RBCs. When deoxygenated, sickle RBCs assume a distorted and often crescent shape. RBC abnormalities include deformation, dehydration, and increased adhesivity, which cause multisystem dysfunctions, 1 including vaso-occlusive crisis due to vascular obstruction resulting in ischemia and severe pain, as well as splenic sequestration crisis, aplastic crisis, and haemolytic crisis. Average life expectancy of individuals with SCA is 42-48 years. Changes in mechanical properties of sickle RBCs are attributed to cell wide polymerization of hemoglobin into com-plex and dynamic fiber systems and to increased association of hemoglobin S with the membrane proteins, 2 among other processes. Improved understanding of the relationship between the physical properties of sickle RBCs and the resulting dynamic behaviors is needed urgently to improve detection, monitoring, and potential treatments for SCA. 3 Sickle RBCs have been measured by various invasive, contact-based, or force application methods such as micropipette aspiration, cell poking, optical stretching, magnetic twisting cytometry, atomic force microscopy, and optical tweezers. [3] [4] [5] [6] [7] Wide-field digital interferometry (WFDI) is a noncontact technique that is able to record the complex field (amplitude and phase) of the light that has interacted with the sample, where no exogenous labeling or special sample preparation are involved. Using the recorded interference pattern, one can obtain the quantitative phase profile of the sample representing the optical path delay map for each spatial point in the sample image. This map is dependent on both the integral refractive index of the sample and its thickness. We have previously shown that WFDI is applicable for studying cancer cells, chondrocytes, neurons, and cardiomyocytes. [8] [9] [10] [11] [12] [13] Mature (enucleated) red blood cells are an attractive goal for WFDI since they can be assumed to have homogeneous refractive index structure and thus RBC thickness profiles can be directly obtained from their quantitative phase profile. WFDI has been used to measure various morphological parameters of RBCs, [14] [15] [16] [17] [18] including during malaria. 19 In this paper, we have applied, for the first time to our knowledge, WFDI techniques to quantitatively image sickle RBCs and to measure the nanometer-scale fluctuations in their thickness as an indication of their stiffness. The technique is capable of simultaneously measuring the fluctuations for multiple spatial points on the RBC and thus can yield a map describing the stiffness of each RBC in the field of view. Using this map, the local rigidity regions of each cell can be quantitatively evaluated. Furthermore, since the technique is basically a quantitative imaging technique rather than one-point measurement, we can use it to simultaneously evaluate cell transverse morphology plus thickness in addition to its stiffness profile. This yields various physical properties for live RBCs in a noninvasive, label-free manner, providing a sensitive tool for diagnosis and research.
WFDI measurements were performed by utilizing an interferometric microscopy setup, reported in detail in our previous publication. 8 In this previous paper, we have used the system for quantitative microscopy of cardiomyocytes, in which thickness and refractive index cannot be easily decoupled. As shown next, this is not the case for RBCs, in which thickness and stiffness measurements can be easily performed by WFDI. In the optical setup, a coherent laser light (17 mW HeNe) is spatially filtered and split to reference and object beams. The object beam is transmitted through the sample and magnified by a microscope objective (40×, 0.66 numerical aperture). The reference beam passes through a similar compensating microscope objective and combined with the object beam at a small angle. A tube lens projects the combined fields on a digital camera (640×480, 7.4 μm×7.4 μm pixels, 120 full frames per second), where an off-axis interferogram of the sample is created. Using a single interferogram, the fully quantitative phase profile of the sample is obtained by an improved spatial filtering process that is performed in the image domain, 10, 11 followed by a quality-guided phase-unwrapping algorithm. With the presence of a sample containing fluid, the optical path length sensitivity was 4.3 nm.
For the experiments, blood samples were obtained from the Comprehensive Sickle Cell Programs in Duke University and in the University of North Carolina at Chapel Hill and adhered to approved Institutional Review Board protocols. The samples were obtained from two donors with SCA and from a healthy donor. Whole blood was collected in a 4.0 ml K 2 EDTA Vacutainer tube (BD367861) or by needle stick and was stored at 4
• C. A 50 μl aliquot was washed twice in 1.0 ml Hanks balanced salt solution (HBSS) without calcium, magnesium, or phenol red (Invitrogen/Gibco 14175), and resuspended in endothelial basal media 2 (EBM-2, Lonza) containing 10% fetal bovine serum and growth supplements, which was diluted 2:1 with HBSS. Glass coverslips (22 mm×50 mm) were treated with 100 μl 1.0 mg/ml poly-D-lysine hydrobromide (SigmaAldrich P7280) in dH 2 O for 1 h at 37
• C, residual solution aspirated, and 50 μl of the cell suspension allowed to attach for 30 min at 37
• C. Attached cells were washed briefly in EBM:HBSS before imaging at 22
• C, which was the ambient room temperature. The method is ultimately developed for diagnosis in the field where ambient oxygen pressure and temperature cannot be controlled. Figure 1 (a) presents the quantitative phase profile of the RBCs from a healthy person, demonstrating the characteristic round-biconcave shape which, by allowing an increased surface:volume ratio, facilitates diffusion into and out of the cell and helps deliver oxygen to body tissues, as well as increases cell deformability. The colorbar on the right side of Fig. 1 can be used to interpret the quantitative maps in terms of cell thickness. This interpretation is correct if a constant refractive index can be assumed for the entire cell thickness, which is a valid assumption for healthy RBCs.
14 For sickle RBCs, this assumption is mostly correct, except perhaps in areas where polymerized hemoglobin is present, typically in thin (∼20 nm diameter) rod-like fibers spanning the RBCs. 2 In any case, the optical path delay profile can also be directly used to obtain stiffness information, even without calculating the thickness profile. We have acquired phase profiles of 24 RBCs obtained from two different persons with SCA and 12 RBCs obtained from a healthy person. For each RBC, phase profiles were collected at a frame rate of 120 frames per second during 10 s and converted into thickness profiles. For each cell, we have calculated the standard deviation of the thickness fluctuations σ h , which is inversely proportional to the stiffness map of the RBC. 14, 15 Averaging σ h over the entire RBC area, marked as σ h , gives an indication of the cell flexibility, since less rigid RBCs are expected to fluctuate more than stiffer RBCs.
Video 1 presents the dynamic quantitative phase profile and the associated thickness scalebar for one of the analyzed RBCs obtained from the healthy person. This specific cell yielded σ h = 64.12 nm. For comparison, Video 2 presents the dynamic quantitative phase profiles and the associated thickness scalebar of two RBCs obtained from a person with SCA. As can be seen in Video 2, the right cell has a regular round morphology, whereas the left cell has a crescent morphology. These sickle RBCs yielded σ h = 28.73 nm for the round-morphology RBC and σ h = 13.54 nm for the crescent-morphology RBC. Thus, even though the sickle RBC on the right has a visibly normal morphology, it is found to be more than twice as stiff as the healthy RBC. In summary, we have demonstrated that WFDI is able to obtain dynamic quantitative phase profiles of sickle RBCs in a noncontact noninvasive manner. Based on these profiles, we have calculated the nanometer-scale thickness fluctuations of the RBCs and obtained a metric of their stiffness. Sickle RBCs were found to be significantly stiffer than healthy RBCs. Furthermore, we have demonstrated that it is possible to differentiate between sickle RBC morphologies taken from the same subjects by analyzing their thickness fluctuations, where crescent-morphology RBCs are more rigid (fluctuate less) than round-morphology RBCs. We anticipate that this technique will find uses for diagnosis and monitoring of SCA, as well as usefulness as a research tool, since therapeutic agents that decrease sickling can be expected to improve the abnormal cell rigidity described here.
